Recently, 3-D audio technologies are commonly implemented through headphones. A major problem of the headphonebased 3-D audio is in-the-head localization, which occurs due to the inaccurate Head-Related Transfer Function (HRTF).
I. Introduction
In general, headphone or loudspeaker is used to reproduce the intended sound images, and they have their own advantages and disadvantages [1] . The headphone listeners are not bothered by the situation of outside environment, and there is no sweet spot limitation. However, the reproduced sound images frequently remain inside the head, and there is a lack of richness in the quality of the sounds. On the other hand, loudspeakers can give a good sound externalization and a natural auditory environment including room responses. Instead, that system needs an additional crosstalk canceller to eliminate crosstalk between loudspeakers, and also has a critical problem of sweet spot.
Recently, as many portable devices offer various audio technologies, it is common that the users enjoy private listening by headphone or earphone at anytime and anywhere. In addition, the binaural system using headphone is considered optimal for reproducing 3-D sounds because of their relative immunity to the acoustical distortions [2] . Therefore, the problem of in-the-head localization is important, because the sound image cannot be located at a proper position if the image exists within the listener's head, which could degrade the effect of 3-D audio sounds.
The factors causing in-the-head localization have been reported in many articles [3] [4] , and the primary reason of in-the-head localization is known by that the spectral features of individual HRTFs are not well preserved [5] . To solve the problem, several researches have been suggested.
Since the individual HRTF measurement is difficult, most approaches are based on additional information such as room reverberation, head movement and decorrelation technique. Although these methods can improve externalization perception, localization is blurred due to the inaccurate spectral cues. Thus, there have been other researches on individualizing general HRTFs [6] [7] [8] . However, those approaches are still problematic. Some of them need high computational cost, and some of them have the problem of requiring accurate process since the method is sensitive to relatively small changes.
In this paper, we propose an efficient method of customizing HRTFs, which achieves the customization by controlling spectral notches and envelope. Since the direct tuning of these spectral parameters at each frequency bin is time consuming, crucial parts of HRTF for sound externalization is investigated first. Then, those parameters are controlled based on a criticalband rate, which greatly simplifies the tuning process.
This paper is organized as follows. Section II reviews the problem of in-the-head localization, and summarizes various approaches to reduce the problem. A series of experiments to investigate the crucial parts of HRTF for sound externalization are described in Section III, and the psychoacoustical evaluation for the effect of critical-band on spectral perception is presented in Section IV.
In Section V, we propose an efficient method of customizing HRTFs. Finally, the conclusion is presented in Section VI.
II. Background

In-the-head localization problem
One of the disadvantages on headphone listening is known as in-the-head localization, which means the sound images are localized within a listener's head. The factors that are supposed to cause in-the-head localization have been reported in many articles [9] [10] [11] [12] [13] . The major causes of the in-the-head localization are summarized below.
First, the existence of headphone, in itself, could induce the listeners to perceive sounds as originating inside the head [3] . However, several experiments made clear that it is not obvious parts of the problem. Secondly, it has been suggested that inaccurate acoustic cues could be a critical factor to the externalization perception.
It was reported that the use of pinnae of others, not those of listener's own, will lead to inaccuracies and degraded externalization perceptions [10] .
Thirdly, the lack of decorrelation between signals of both ears is known as an additional factor which appears to have an effect on perceived poor externalization [14] . Finally, the absence of reflections from walls and other obstacles within the recording and listening environments could also cause in-the-head localization [13] . for out-of-head localization using synthesized early reflections [9] . As an experimental result, Rubak suggested that the addition of only the 4 early reflections could improve the spatial impression. Begault also reported that the synthetic reverberation could give an effect on the degree of perceived externalization [15] . Although these approaches have advantages of ameliorating externalization perception significantly, adding reflected energy to recording decreases localization accuracy [16] . There have been other researches on the relation between the sense of externalization and head movement. As the experimental results of previous studies show, the introduction of dynamic HRTFs does contribute to reduce the front-back localization misjudgment and inside head localization. However, in the study of Begault, it was mentioned that the head-tracked system did not significantly increase externalization rates, nor did it yield more accurate judgments of azimuth angle [15] . Even if such a system can give good performances, the system size is too big and the computational complexity would be high. Decorrelation between the left and right channel signals is also known as a factor which appears to have an effect on external perception [14] . In 1995, Kendall created dynamic decorrelation which could produce a spatial effect similar to that of an environment. However, this method also has a problem of localization accuracy.
Previous investigations
The possible methods as explained above can give an improved externalization perception, especially in the case of using reverberation, but those methods still have a serious problem when the very frontal and back side positions are simulated. It is well known that this medianplane localization is difficult due to the lack of interaural differences, unless the individual spectral features are accurately reproduced [3] .
HRTFs have acoustic cues that represent the filtering characteristics of the head and pinnae.
Thus, the specific spectral characteristics are significantly different among the people, and they cannot have an accurate localization perception unless their own spectral cues are provided.
It has been proved that the individual HRTFs can improve localization accuracy, increase externalization, and reduce reversal errors [10] .
Since the process of measuring every listener's HRTFs is very impractical, it is necessary to find a method that can provide individual spectral cues without the measurements. This leads to the need for individualizing HRTFs, and there were several trials to achieve the purpose [10, 17] . These researches include database interpolation method which finds the best matching one in a given database of HRTFs [6] . Unfortunately, it is known that individual features of HRTF are sensitive to relatively small changes of the other ear's shape; therefore, finding the best match remains a research problem [17] . Other approaches are numerical methods, which compute HRTFs by solving wave equation with the individual body shape [7] . However, accurate surface meshes are needed for the solution and the computation cost is very high. There is also HRTF modeling method by approximating the head by a rigid sphere [8] . But this method cannot generate the feature of pinnae and result in impractically large number of terms needed for the shape of head, torso and pinnae [17] .
In this paper, we propose an efficient method of customizing HRTFs based on the critical-band rate. Our work was motivated by the fact that the critical-band rate is a frequency scale with which people perceive sounds. In order to set the frequency range for the customization, we first investigate which parts in HRTFs are crucial on the sound externalization.
III. Crucial parts of HRTFs on the sound externalization
It is well known that the response of individual external ear is reflected mostly in high frequency region above 4 kHz, and the spectral notches of HRTF in that region stand for individual localization cues [10] . Thus, it is assumed that the individual spectral cues above 4 kHz are crucial on the externalization perception. A series of psychoacoustical experiments were designed and performed to verify our hypothesis. Before the experiments, no subjects had a training session since the training could lead them to a biased judgment [18] . The overall test took about 30 minutes per a listener.
Experimental environment
Psychoacoustical evaluation
A set of psychoacoustical tests were carried Two different test methodologies were used for psychoacoustical evaluation. First one is absolute distant test, and the second one is relative distant test.
Subjective test for an absolute distant perception
The test of absolute distant perception was carried out to ascertain that, viewed in an absolute perception, how distant listeners sense a specific stimulus. As illustrated in Fig. 3 , two reference 
IV. The effect of critical-band on spectral perception
Although the frequency range for the customization could be specified to the higher frequency through the previous experiments, it is still difficult to directly control the spectral cues at each frequency bin. Thus, we performed a psychoacoustic experiment to validate the criticalband effect on spectral perception especially for the notch frequency.
For the experiments, the spectrum of individual HRTF is replaced by that of digital notch filter for the frequency range from 4 kHz to 12 kHz, which is known as the range of pinna notch frequency. Since the purpose of experiment is to examine the perceptual influence of notch frequency when the notch position is varied across the critical-band, the information of spectral envelope, which can influence to the result, was not provided in that frequency range. Fig. 8 shows an example of measured HRTF (dotted line), and synthesized HRTF (solid line) with a digital notch filter for the experiment.
Two stimuli were generated with the synthesized HRTF in which a subject's own spectrum is replaced by digital notch filter for the frequency range from 4 kHz to 12 kHz. Stimulus A was generated by convolving source signal with the synthesized HRTF whose individual notch frequencies were preserved. On the other hand, stimulus B was generated by using the synthesized HRTF whose individual notch frequency was carefully moved to other frequency as in Fig. 9 .
Randomly selected one notch frequency of each subject was moved in the test, whereas the positions of all the other notch frequencies were fixed as they were. Then, subjects were asked to judge the perceptual similarity between two stimuli based on the score in Table 3 . If the subjects perceive the sound of two stimuli very similar, it can be said that the two sounds are localized at the same location. This inference is based on the fact that people determine localization by the sound timbre [19] . For the experiment, we carefully moved the notch frequency to distinguish the fact that the cause of perceptual difference between stimuli is whether the frequency distance between the notches or the out-critical-band movement.
Especially in Fig. 10 (b) , the subject perceived the sound similarly when the notch frequency was moved from 7.72 kHz to 8.5 kHz, while they perceived the sound differently when the notch frequency was moved to 7 kHz although moved distances were almost same in both of the cases.
It is noticeable that the score was even higher when the notch frequency was moved to 7.3 kHz than when it was moved to 8.5 kHz. That is, the subject perceived the sound more differently when the notch frequency was moved to other critical-band although the frequency distance was shorter. Therefore, based on these results, it can be proved that the exact position of individual notch is not important, as long as the notch is retained within the same critical band. Since the frequency range from 4 kHz to 12 kHz can be represented by five critical bands, we need to control at most five notches in those five critical bands, which makes our proposed method much simpler.
V. Proposed method of customizing HRTFs
In this section, we describe our proposed HRTF customizing method controlling individual spectral cues based on critical-band rate.
Spectral notches
The individual notches are very different from person to person, such that, in which frequency the notches exist or how many notches the subject has. Fig. 11 shows example spectral notches in measured HRTFs of two subjects. Note that all of the spectral notches are not caused by pinna.
Since the reflections from shoulder or torso can also be responsible for some of them, the algorithm reported in 2004 [20] was applied to the measured HRTFs in order to extract pinna notch frequencies.
The extracting algorithm is based on several signal processing techniques including LP analysis, windowing, autocorrelation and group delay function as in Fig. 12 representations in left column and the frequencydomain representations in right column. From the measured HRIR signal as in Fig. 12 (a) , the group-delay of windowed autocorrelation function is plotted in Fig. 12 (k) , and the local minima with the threshold of -1 are shown indicating the pinna notch frequencies.
As the previous experiments showed that the notch should be retained within the same critical band, it is now important how the subjects can control their notch frequencies. This is reasonable in a sense since human ears have common shapes and similar size.
Since we proved that subjects perceive the sound similarly if the notch frequency remains within the same critical-band, the notch frequencies of control system can be set to the center of each corresponding band. Then, the only thing the subjects have to do is to select several bands, which might include their notch frequencies, among five bands. A series of experiments (Experiment III to V) were performed to examine that the subjects could distinguish the difference, if they selected other critical band that did not include their notch frequency. Six subjects participated and white noise was used as a source signal.
In Experiment III, two stimuli were generated by convolving source signal. Stimulus A was generated using HRTFs in which individual notch frequencies were preserved, and stimulus B was generated using HRTFs in which two of the notch frequencies were randomly changed to the center frequencies of other critical bands. The two stimuli were heard to the subjects and judged the similarity of the sounds according to the score in Table 3 . Fig. 14 shows the experimental result and it can be seen that almost all of the scores are over 2 with the average score 2.27.
That is, most subjects perceived the sound of stimulus B to be very different from that of stimulus A.
Next, Experiment IV was carried out to see how subjects perceive sound if one of the notch frequencies was moved to the center frequency of other critical band. The subjects were also asked to score based on how they perceive the two stimuli. In Fig. 15 , the scores are still over 1.5, which means that the subjects can distinguish the difference even only one of the notch frequencies is changed.
In the last Experiment V, the frequencies of pinna notches were slightly changed within their own critical-band and the stimuli were scored.
The result is shown in Fig. 16 . As expected from the results of the validation in Section IV, the scores are below 1 and the average score In order to simplify the tuning procedure, the five frequencies corresponding to the center frequencies of five critical bands, can be given to the subjects for possible choices. The only task is to choose several bands so that the sound can be heard as a reference externalized sound.
Furthermore, most subjects, at least those participated in our experiments, have two pinna notches, and almost every subject has their pinna notch in the fifth critical band as shown in Fig. 13 . Thus, the tuning procedure can be further simplified.
Spectral envelope
Although it is well known that the individual spectral notches are important to the sound localization, human auditory system uses not only the spectral notches but also the overall spectral envelope [21] . Thus, additional experiments were performed to find out how the information of spectral envelope can be provided to the listeners using critical-band rate. The basic idea is to By adjusting the magnitude of reference points, the spectral envelope can be shaped as in Fig. 18 .
The comparison between measured HRTF (thin line) and synthesized HRTF (thick line)
without spectral shaping and with spectral shaping are shown in Fig. 19 (a) To evaluate the effect of spectral envelope shaping based on the reference points, another psychoacoustical experiment was performed. In this experiment, several stimuli were generated by randomly adjusting spectral envelopes with the six reference points. These stimuli were heard to the subjects, and then they were asked to find out the most effective one. •Young-cheol Park •Seok-Pil Lee 
